In this paper, the application of a WSN (Wireless Sensor Network) for landslide monitoring was studied. The WSN system consists of a sensor node for collecting and transmitting data using the IEEE 802.14e standard and a gateway for processing and transmitting the data to the final server. The topology of the sensor network adopts a highly flexible and reliable mesh type, and a test bed was built in three locations in Seoul. An instrumentation is done for each sensor node composing of two soil moisture sensors, one tensiometer, and one inclinometer and one rain gauge per test bed. For the estimation of optimal network topology among the sensor nodes, a susceptibility assessment of landslides, the density of trees and a viewshed analysis of the terrain were analyzed. As a result, the network connection worked quite well, and the response of the soil from rainfall was similar to the soil water characteristic curve obtained from laboratory tests. Therefore, a WSN system can be applied to landslide monitoring by collecting reliable data. In addition, the appropriate design method of WSN system for landslide monitoring was proposed.
I. INTRODUCTION
Recently, local heavy rains have been occurring frequently in South Korea due to climate change, leading to an increase in the number of landslides. Specifically, landslides have occurred in urban areas, causing damage to people and property. Additionally, the rainfall intensity, cycle and period have also been changing [1] , [2] . The magnitude and occurrence of landslides due to rainfall have been increasing globally [1] - [5] , and the amount of landslides due to local heavy rains have been increasing in Korea [6] , [7] . Generally, rainfall in Korea occurs intensively during the summer seasons, such as June to September. Based off landslide history, landslides also occur during this period of heavy rainfall [8] .
In Korea, the forecast and warning system for landslides is based on the amount of rainfall. However, 60% of landslides disasters occur in rainfall below the criteria for landslide warning by the Korea Forest Service [9] . For a steep slope, measuring instruments such as inclinometers, water level meters, and surface displacement measurements should The associate editor coordinating the review of this manuscript and approving it for publication was Gerardo Di Martino . be installed to observe the behavior of the slope. However, it is difficult to enter and install the equipment and to maintain the equipment due to the large area of the landslide. To overcome these shortcomings, several studies on landslide monitoring based on wireless sensor network (WSN) technology using information communication techniques have been recently studied [10] - [18] . The Korea Institute of Geoscience and Mineral Resources (KIGAM) and the National Institute of Forest Science have been conducting on-site testing in Korea to introduce WSNs into landslide monitoring [19] , [20] .
The measurement system based on a WSN can monitor a large area at a low cost. However, it has a disadvantage in that it may not be able to perform monitoring at a desired time due to rapid consumption of WSN power. Therefore, research on the development of sensor and routing protocol technology with a low power consumption and longer lifetime has been conducted [21] .
Landslides are a complicated phenomenon and various factors like topography, soil characteristics, vegetation and rainfall influence this phenomenon. A generalized assessment or prediction involving this unpredictable and huge data VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ is quite a challenge. There is need for regional landslide monitoring techniques considering the various local live data. Traditionally, landslide monitoring has been performed in two dimensions by selecting representative area. This method is still used as an important method for identifying the causes and mechanisms of slope disaster when vulnerable slopes and management targets are clear. However, when large topographical area is involved watershed scale monitoring techniques are needed.
To date, regional scale landslides prediction methods have been used depending on topographic, geologic, hydrologic variables and changes in land use [22] , [23] . Landslide susceptibility assessment on regional scale is useful for avoiding landslide losses [24] . Implementing data for landslide factor, such as weather conditions, topography and vegetation, in Geographic Information System (GIS) might be a start for a regional landslide susceptibility assessment [25] . Due to the ability to process spatial data, Geographic information systems (GISs) are broadly used for landslide analyses [10] . In particular, physical based models combine a geotechnical model and a hydrological model for analysis of rainfall induced landslides. They can be used for determining locations and the timing of the occurrence of a rainfall-induced landslide on a regional scale using GIS. Consequently, susceptibility assessments of landslides on regional scale are needed to avoid or reduce landslide losses, and combining the hydrologic models with geotechnical models. Due to the large and remote areas involved, it is necessary to apply low-cost, low-power-based wireless sensor network (WSN) technology. This can facilitate and ease power supply, manpower input, and measurement data collection. In particular, Ramesh [10] constructed WSN system for mountain slopes near a residential area in India. Ramesh [26] collected realtime data using tiltmeter, geophone, rain gauge, and pore pressure meter to measure the influencing factors of slopes. The data collection rate and collected data are both reliable. This ensures the applicability of WSN for landslide monitoring.
In this paper, the applicability of WSN technology for landslide monitoring is studied, and the design and application method of a WSN measurement system for landslide monitoring based on measurements in a test bed are proposed. And it is focused on the applicability of WSN for landslide monitoring and data acquisition rather than occurrence of landslide.
II. LANDSLIDE MONITORING BASED ON A WIRELESS SENSOR NETWORK (WSN) A. WSN SYSTEM
A wireless sensor network (WSN) is defined as a self-organizing and multihop networks of wireless sensor nodes used to monitor and control physical phenomena [27] . The WSN typically includes sensor nodes, gateways (or base stations) and clients. The structure of the system is shown in Fig. 1 . 
B. SENSOR NODE
The wireless sensor node transforms the analog data collected from the sensor into digital data and converts it into a numerical value to make it machine-readable. Additionally, it plays the role of transmitting this information to the gateway.
In this study, the chipset for a wireless sensor network according to the IEEE 802.15.4e standard is applied, and the sensor nodes consist of a wireless transceiver, power supply, power management modules, and a microcontroller receiving analogue signal from sensors. The software embedded in the chipset allows the sensor nodes to form a network using self-organizing functions for any node that is located close to the inside of the monitoring area. The sensor node monitors the collected data and transmits it to another sensor node using hopping technology. During the transmission process, the monitoring data is processed by several nodes to reach the gateway node after multihopping.
C. GATEWAY
The gateway, which collects and processes the measurement data obtained from the sensor node and transmits the processed data to the final server, combines the wireless communication module to transmit data to the server. The types of wireless communication modules installed in the sensors are typically long-term evolution((LTE), Bluetooth and ZigBee. In this study, an LTE module is applied. To cope with the internet protocol (IP) modulation for LTE security, the data server is informed when the IP of the gateway is changed. The data collection of each sensor node is controlled through the gateway connection.
D. NETWORK TOPOLOGY
Many sensor nodes in a WSN organize the connected networks according to a specific topology. Fig. 2 shows the typical network topology. The mesh type, star type, and tree type are mainly adopted in WSNs. For WSNs, the transmission distance among sensor nodes is short since they are battery-powered, so multihop transmission is used to extend the network range. In this study, a mesh topology with excellent flexibility and reliability and a time synchronized mesh protocol (TSMP) from Dust Networks, Inc. are applied to construct a multihop network with a low power consumption.
E. ADVATAGES FOR LANDSLIDE MONITORING
In the case of landslides, its occurrence and damage range are wider than other disasters. Therefore, the method of monitoring the stability of facilities through representative sections such as single point measurement or two-dimensional section measurement, which was performed in the existing infrastructure, is not valid. In addition, in case of steep slopes, it is not easy for manpower to access, and when using wired-based equipment, there is a concern about equipment loss such as disconnection by exposing natural phenomena. In addition, when monitoring the wide area using the existing wire-based measurement system, the cost of construction is enormous. Accordingly, low-cost, low-power wireless measurement systems are required to reliably measure wide ranges.
F. SUSCEPTIBILITY ASSESSMENT OF LANDSLIDES
To make a reasonable network topology among the sensor nodes, a landslide susceptibility analysis was performed using a GIS-based YS-slope model [28] , which can take both rainfall infiltration and groundwater flow into account.
This model is a landslide analysis model using physical methods such as commercial programs (e.g., SINMAP, SHALSTAB, TRIGRS models), and an improved hydrological model and geotechnical model were adopted. In addition, the model was developed to analyze the slope failure of unsaturated soil due to rainfall, which is a typical type of slope failure in Korea. As shown in Fig. 3 , the geotechnical characteristics, hydraulic characteristics, vegetation, and geometric characteristics are constructed as spatial data, and the landslide analysis is made possible by using raster data from the GIS, which is a matrix data structure.
For the YS-slope model, the infinite slope model was used as a physically based model for landslide analysis. This model assumes that the infinite slope is much shallower than its length, and the most critical failure surface is a straight line parallel to the slope. The failure surface and boundary conditions are different in the case of a rise in the groundwater level and in the case of a drop in the wetting front, respectively. The Mohr-Coulomb criterion for the stability analysis was improved by considering the pore-water pressure and pore-air pressure [29] . In addition, the infinite slope model was improved by considering the uniform load from the vegetation and the additional shear strength cause by the reinforcing effect of the roots, which were proposed by Hammond et al. [30] . Therefore, this model considers the spatial and temporal variations of groundwater. If the critical failure surface is parallel to the infinite slope as shown in Fig. 3 , the factor of safety (FS) for the infinite slope can be calculated as follows:
where c s is the cohesion of the soil, c r is the constant number of additional shear strengths from the roots, q 0 is the uniform load from trees, D w is the depth of the wetting band (=D wm + D wn ), D s is the depth of the unsaturated soil (=D mn ), γ t is the total unit weight of the soil, γ sat is the saturated unit weight of soil, γ w is the unit weight of water, and β is the angle of slope.
The assumption proposed by Green and Ampt [31] that the volumetric water content and deficit in the water content remain constant above the wetting front is essentially adopted in this model. However, the Green-Ampt model has the drawback that it cannot clearly distinguish the relationship between the permeability and rainfall intensity. To overcome this, the method of estimating the cumulative infiltration by rainfall was applied by comparing the rainfall intensity with the permeability [1] , [32] .
In addition, the ponding time was applied to consider the relationship between the rainfall infiltration and runoff [32] . The rainfall infiltration (I R ) can be obtained by using the trial and error method with a variable cumulative infiltration. The depth of the wetting front temporarily formed in the vadose zone (D wn ), taking the soil properties into account, is defined as the ratio between the rainfall infiltration I R and the deficit in the water content θ as follows:
where I is the rainfall intensity, t p is the time for ponding, I R is the rainfall infiltration, t w is the rainfall duration, K s is the saturated permeability, ψ f is the head of the metric suction, F is the infiltration, and θ is the deficit in the water content. For groundwater flow in the YS-slope model, the raster model of GIS and Darcy's law were combined to consider the groundwater flow. However, only the landslide susceptibility induced by the rainfall intensity duration at a 100-year return period was analyzed as shown in Fig. 4 , so the groundwater flow model was not considered in this study.
III. STUDY AREA A. TEST BED
To monitor landslides in urban areas, three areas located in Seoul, Korea were planned as test beds and installed WSN system for each test beds. The data for slopes in Seoul [33] were referred and reviewed for the selection of a reliable test bed. The histories of landslide and debris flow, topographical characteristics (soil depth >0.5 m, and a 20 ∼ 40 • slope angle), areas where the geological boundary or fault has changed, areas where the factor of safety for landslide and debris flow was relatively low, and the species of bedrock (e.g., granite and gneiss) were comprehensively collected and analyzed in 110 areas. Based on the results of the analysis, three representative watersheds, which have high possibility of landslide occurrence among 110 areas in Seoul, were selected as the test beds as shown in Fig. 5 : the Guryong mountain (TB-1), Gwanak mountain (TB-2), and An mountain (TB-3).
B. GEOLOGICAL, TOPOGRAPHICAL AND GEOTECHNICAL CHARACTERISTICS
Comprehensive field and laboratory studies were conducted to determine the geological, topographical and geotechnical characteristics of the three test beds. Areas TB-1, TB-2, and TB-3 are underlain by banded gneiss mixed with fine-grained gneiss, granite, and biotite banded gneiss, respectively. The characteristics of weathered soil vary depending on each type of bedrock. The weathered soil of TB-1 is a distributed mixture of coarse and fine-grained textures. In general, the strength of weathered soil is considered by low. Because the weathered soil of TB-2 is composed of coarse-grained texture, its strength is considerably lowered. The weathered soil of TB-3 is composed of medium-grained texture, and the RQD of the soft rocks is poor due to the effect of a small amount of limestone. In the case of the foundation rock which composed of limestone, the RQD is relatively low, about 40 ∼ 60 [34] .
For TB-1, the geology of the slopes consists of an approximately 2.0-m-thick layer on average and the slopes become steep closer to the top, and there are many steep slopes that are over 40 • . For TB-2, the soil depths are 0.5 m to 1.5 m, and the slope is 27 • on average. The geology of TB-3 consists of a 0.5-m-thick layer, which is a relatively shallow depth, and the slope is approximately 21 • . The topographical characteristics of TB-1, TB-2, and TB-3 are summarized in Table 1 . For each test bed, the soil depth was estimated by analyzing the results of the borehole survey, test pit, refraction seismic survey, and multichannel analysis of the surface waves (MASW) using kriging.
To investigate the geotechnical characteristics of the test beds, a field investigation and laboratory test were comprehensively conducted. The field investigation included (1) surface geological survey, (2) borehole survey, (3) test pit, (4) standard penetration test (SPT), (5) field density test, (6) field permeability test, (7) surface permeability test, (8) cone penetration test (CPT), (9) refraction seismic survey, and (10) multichannel analysis of surface waves (MASW). In addition, laboratory tests for determining the soil properties included (1) soil classification, (2) water content, (3) Atterberg limits, (4) grain size distribution, (5) soil-water characteristic curves (SWCC), and (6) the shear strength parameter via the direct shear test. Specifically, the pressure plate extractor [35] was used to obtain the soil-water characteristic curves for test beds. Fig. 6 shows the soil-water characteristic curves for three test beds. The prediction model proposed by van Genuchten [36] is used to fit the soil-water characteristic curve to the test data.
The geotechnical properties and parameters for the unsaturated soil-water characteristic obtained from field and laboratory tests are summarized in Table 2 . As a result of the investigation of the vegetation distribution in this area, the representative species of trees were Quercus mogolica (known as Mongolian Oak), Pinus rigida (known as pitch pine), and Pinus koraiensis. The tree density was approximately 250 ∼ 830 trees/ha. A biomass estimation equation and existing values from previous studies were used to apply the vegetation load of 0.22 kPa and an additional shear strength of the roots of 1.0 kPa [37] . 
C. PROPOSED DESIGN METHOD OF WSN SYSTEM FOR LANDSLIDE MONITORING
We proposed the appropriate design method of WSN system for landslide monitoring. Fig. 7 shows the flow chart of construction of WSN for landslide monitoring.
Step 1. Selection of site and properties for landslide monitoring
Step 1-1. Select the measurement site through data collection and geotechnical investigation (laboratory, site).
Step 1-2. Select the key properties for landslide monitoring, such as water content, matric suction, inclination and rainfall.
Step 2. Design of wireless sensor network system
Step 2-1. Select the sensor type according to the soil properties, and check the power used by each sensor and design the whole network.
Step 2-2. Select the landslide hazard area based on landslide susceptibility assessment and analyze the line of sight communication for the selected area.
Step 2-3. Determine the number of multihop, sensor and network device (base and node).
Step 3. Construction of web server
Step 3-1. Register the network devices for web server and check the transmission and reception status of web server.
D. LANDSLIDE MONITORING
To monitor the landslide, a wireless sensor network (WSN) system was installed on three test beds (TB-1: Guryong mountain, TB-2: Gwanak mountain, and TB-3: An mountain). Rainfall-induced landslides commonly occur when the temporal saturated wetting bands are generated or the groundwater level rises due to rainfall infiltration. In other words, rainfall-induced landslides are closely related to rainfall duration, antecedent rainfall, and cumulative rainfall [7] , [38] - [40] . Therefore, it is important to know the change in water content, matric suction, and surface displacement in order to predict rainfall-induced landslides. In this study, a rain gauge, tensiometer, soil moisture sensor, and inclinometer (displacement measurement) were selected as the measurement parameters, as shown in Table 3 . One base station was installed in each test bed, and ten sensor nodes were connected to the base station. For each sensor node, one tensiometer, two soil moisture sensors, and VOLUME 8, 2020 one inclinometer were installed, and one rain gauge was installed on each test bed. The configuration of the sensor node is shown in Fig. 8 .
IV. RESULTS AND DISCUSSION

A. RESULT OF LANDSLIDE SUSCEPTIBILITY ASSESSMENT
For the deployment of the sensor nodes, a susceptibility assessment of the landslides was preliminarily performed for each test bed and then the landslide hazard area was selected as the measurement location based on the results. In addition, areas where the rocky outcrops were exposed or the soil depth was very shallow were excluded from the monitoring. The susceptibility assessment of landslides took the soil depth and topography of the test beds into account, and the input properties were applied based on the results obtained from field and laboratory tests. The rainfall condition was applied at 15.9 mm/h [41] of the rainfall intensity for a 24 hours duration at a 100-year return period in the Seoul area. Fig. 9 shows the results of the landslide susceptibility assessment. As a result of the analysis, the landslide hazard for TB-1 was high in the steep slope upstream and the valley of the middle-low stream. In the case of TB-2, it was determined to be dangerous at the steep slopes of the upstream and middle stream (refer to the lower right area in Fig. 9(b) ).
However, field surveys revealed that rocky outcrops were exposed in this area, therefore the area in the middle stream, which has a low safety factor, was selected as the dangerous area. TB-3 is a terrain where valleys are not clearly formed, and the safety factor was low at the steep slopes upstream. In TB-1, TB-2, and TB-3, the areas with a safety factor of less than 1.0 were calculated as 3125, 3550, and 7175 m 2 , respectively. Based on the results of the landslide susceptibility assessment, the locations of sensor nodes were selected as the first sites for safety factors less than 1.0, and the second sites for those less than 1.2.
B. ANALYSIS OF WIRELESS COMMUNICATION RANGE
Generally, the wireless communication environment in the mountains is not good, and it is known that is the main reason for this is due to topology. In this study, we investigated the factors affecting the wireless communication range in the test beds for the deployment of WSN sensor nodes. The effects of diffraction and diffusion attenuation were analyzed in addition to the generally known topographic reflection attenuation. To this end, the characteristics of the vegetation community and radio wave were compared.
Wireless Fidelity (Wi-Fi) was adopted for the wireless communication among the sensor nodes of the WSN. The 2400 ∼ 2483.5 MHz band is typically used in Korea, and 2.4 GHz of communication frequency is applied in this study. This is a microwave frequency and shows a short wavelength range of 12.5 cm (Eq. (3) ). Specifically, it has the following characteristics: 1) a strong directivity due to high frequency, 2) reflection due to complex terrain, 3) diffraction due to trees, and 4) attenuation of transmission distance due to diffusion.
where λ is the wavelength, c is the wave velocity (=3×10 8 m/sec), and f is the frequency (=2.4×10 9 cycles/sec).
To investigate the species distribution and the structural diversity of the vegetation communities, a survey was conducted in a circular quadrat with a radius of 11.3 m and an area of 0.04 ha. All living trees with a diameter at breast height (DBH) of 6 cm or more were counted. As a result of the survey on 9 circular quadrats, the tree densities were determined to be 380 ∼ 830 trees/ha for TB-1, 50 ∼ 700 trees/ha for TB-2, and 300 ∼ 750 trees/ha for TB-3. In addition, the distributed species of trees were dominated by Quercus mogolica (known as Mongolian Oak), which is a broad-leaved tree, and Pinus rigida (known as pitch pine) and Pinus koraiensis, which is a coniferous tree. The average diameters at breast height (DBH) were 23.1 cm for Mongolian oak, 15.7 cm for pitch pine, and 10.8 cm Pinus koraiensis. It was assumed that Mongolian oak, pitch pine, and Pinus Koraiensis were distributed as a proportion of 7:1.5:1.5, and then the calculated average DBH based on this proportion was 20.1 cm. The tree densities and DBH for the test beds are summarized in Table 4 .
In particular, this can lead to the occurrence of a large attenuation due to diffusion because the DBH of pitch pine and Pinus koraiensis are similar to the 2.4 GHz wavelength. In addition, attenuation due to diffraction may also be large, since the DBH of Mongolian Oak is larger than the wavelength. To analyze the path loss due to the influence of the trees and terrain, the communication range test was performed under a terrain condition that is similar to the mountain. As a result, a range that can be communicated in the absence of obstacle was 90 ∼ 250 m. however it was actually measured as 60 ∼ 100 m in test beds.
The landslide monitoring requires consideration of mountain slope topography, such as valleys and ridges, because it is essential to construct a wireless sensor network system for a wide range. Therefore, viewshed analysis should be conducted to consider topography for each point based on the intersection points derived from mesh generation, and determine the area that is able to communicate in the line of sight for the final deployment of the sensor nodes. The viewshed analysis is a method to select visible area from the fixed point. In other words, a viewshed analysis can determine a range in which a specific combination of a transmitter, an antenna, and a terrain allows signal reception. The viewshed analysis was performed at each test bed using ArcMap program. Based on the results from ArcMap program, a concentric circle was drawn reflecting the maximum communication range, and then the visibility and distance to the point located inside the concentric circles can be checked. The viewshed analysis is essentially calculated as follows [42] :
where P is any point on the surface, V is the occlusive volumes according to view point, F is the function of the stencil value, and G is the function of distinguishing the visible point and invisible point. The line of sight communication was analyzed with a maximum distance of 100 m, which was measured in the test beds, and the area marked in red was the area where the line of sight of the sensor node (i.e., viewer, green point in Fig. 10 ) was secured, as shown in Fig. 10 . In the range marked in red, the point with a safety factor of 1.0 or less can be selected as the location of the sensor in the vicinity of the viewer.
As a result, the visibility of the view point (i.e., the range able to communicate in the line of sight) for selecting the position of neighboring sensor node is 43 ∼ 62% (average 58%) within the radius of communication. Finally, we selected 11 locations of gateways and sensor nodes using the viewshed analyses in each test bed.
C. DEPLOYMENT OF THE SENSOR NODE
Based on the result of the landslide susceptibility assessment, the area with a safety factor of 1.0 or less was selected as the area of sensor node installation. The wireless communication range considering the characteristics of the used frequency and the density of trees was analyzed, and the base stations and sensor nodes were arranged at 11 positions based on the results. Finally, the sensor nodes were placed by testing the communication conditions in the field, as shown in Fig. 11 .
A topology analysis was performed on the test beds. In the case of the star network topology, two base stations are required for each test bed. However, in the case of the mesh network topology, communication is possible with only one base station. Fig. 12 shows a comparison of the network topologies applying 1) star network topology and 2) mesh network topology in TB-2. To apply the star network topology in the test bed, it is confirmed that this type is inefficient because an additionally base station should be installed. On the other hand, in the case of the mesh network topology, the communication range can be secured using multihopping, and the reception rate and communication delay can also be reduced. Therefore, it is determined that the application of the mesh network topology is superior to the star network topology in landslide monitoring.
D. MEASUREMENT RESULT USING WSN
In this study, the test beds were selected for each watershed with relatively high landslide hazard in the Guryong mountain (TB-1), Gwanak mountain (TB-2), and An mountain (TB-3) [43] . The bedrocks are banded gneiss, granite, and biotite banded gneiss for TB-1, TB-2, and TB-3, respectively, and the geotechnical characteristics of their upper soils are all different. In addition, the slope of each watershed is gentle and wide in the order of TB-1, TB-2, and TB-3, and the soil depth in each test bed was not significantly different (0.5 ∼ 2.0 m). Specifically, the groundwater level for TB-1 was located at 1.7 ∼ 2.0 m during the dry season.
Measurement using the WSN were performed from the beginning of the rainy season to the end of the rainy season, and it was confirmed that the water content changed suddenly as rainfall started and penetrated into the ground, as shown in Fig. 13 .
Additionally, the permeability in the field can be measured using the WSN. The permeability of the soil was estimated to be 6.7×10 −3 cm/sec from the difference of the electric signals obtained from the sensor nodes at different depths, which is similar to the permeability of 1.2×10 −3 cm/sec obtained from the laboratory test. The measured permeability in the field using the WSN can be calculated as follows:
where k m is the measured permeability in the field, θ is the matric suction, t is the time, V out is the output voltage, V 0 is the voltage when θ is zero, and V is the voltage. Fig. 14 shows the maximum and minimum matric suctions and volumetric water content of each test bed measured during the dry season and rainy season. In addition, the results of matric suction and volumetric water content measured using WSN are summarized Table 5 . The minimum matric suction during rainfall was measured to be approximately 0.2 ∼ 7 kPa, and it was determined that the measured value is in the range of the matric suction value, which is generally obtained in unsaturated or saturated soil in the rainy season. The maximum matric suction during the dry season was measured to be 45 ∼ 50 kPa. It was generally within the range of 40 ∼ 60 kPa, which is the typical matric suction value of the silty sand, which is the upper soil layer of test beds. However, the matric suction measured in TB-1 during the dry season was approximately 20 kPa because of the influence of the perched water table due to the aquiclude. A shallow groundwater level of approximately 2 m was actually observed using a borehole survey and test pit.
The measurement results (i.e., matric suction and volumetric water content) obtained from the tensiometers and soil moisture sensors in the WSN system were compared with the soil-water characteristics curve (SWCC) obtained from the laboratory test, as shown in Fig. 15 . The results measured from the WSN are similar to the SWCC from laboratory tests. However, it shows a somewhat lower volumetric water content than that from laboratory tests at 10 kPa or more. This is because the results in the field are measured during the saturation of the soil with time, which is different from the laboratory test conditions. The occurrence of landslides due to the saturation of soil during rainfall is closer to the wetting path than the drying path in the SWCC. In addition, since the soil is repeated in the drying and wetting paths, the test in both paths is important. However, only the drying path was performed in this study. Generally, the soil-water characteristics curve obtained from the test in the drying path is slightly lower than the SWCC, as shown by the dotted line in Fig. 15 [44] . In addition, the water contents obtained from WSN during rainfall were 26%, 36%, and 40%, and those obtained from laboratory test were 26.6%, 27.7%, and 35.6%, for TB-1, TB-2, and TB-3, respectively. Therefore, it is confirmed that the measurement results using the WSN well reflect the response of the soil by rainfall. In conclusion, we have confirmed that the fundamental electrical and communication errors of the WSN system were sufficiently negligible and it is possible to apply the WSN system for landslide monitoring in the field.
V. SUMMARY AND CONCLUSION
In this paper, a test beds-based study was conducted to demonstrate the feasibility of data acquisition using WSN system for landslide monitoring. The WSN system was constructed to enable the detection of mountainous terrain characteristics and landslides, and a method to optimize the deployment of sensor nodes was proposed. The applicability of the system was verified by analyzing the results obtained from tensiometers and soil moisture sensors installed at each sensor node. The following conclusions were drawn from the present study: 1) To overcome the communication environment of the mountainous area, a self-organizing mesh network topology and a time synchronized mesh protocol (TSMP) of Dust Networks, Inc. were applied to the WSN system for landslide monitoring. As a result, the mesh network topology was more reliable and flexible than the star network topology, and a good network connection can be secured. 2) To construct the WSN system in the mountain area, the factors influencing the communication range in the mountain were analyzed. The average diameter at breast height (DBH) in the test beds was 20.1 cm, which was similiar to the wavelength of 12.5 cm caused by the communication frequency (=2.4 GHz) of sensor nodes. Additionally, the density of trees was up to 830 trees/ha, which is a high value and it leads to the attenuation of transmission distance due to diffraction and diffusion.
3) The methodology for the deployment of an optimal network topology based on the test beds was proposed. The optimal network topology of sensor nodes is as follows: (1) Based on the results of the landslide susceptibility assessment, the areas classified as hazardous areas are selected as the candidate areas for installing sensor nodes. (2) Sensor nodes are deployed by analyzing the communication range according to the density of the trees, and the viewshed analysis by the terrain.
(3) After confirming the communication status through field tests, sensor nodes can be finally deployed. 4) Based on the monitoring data in TB-1, TB-2, and TB-3, it was confirmed that the network connection was quite well, and the response of the soil by rainfall was similar to the soil water characteristic curve obtained from the laboratory test. In addition, since the soil-water characteristics curves respond to rainfall, they change according to the dry season and rainy season. It was determined that the volumetric water content increased from 0∼0.15 to 0.2∼0.45, and the matric suction decreased from 30∼50 to 0.2∼7 kPa. 5) As a result of the landslide monitoring using the WSN system, it is confirmed that the measurement results using WSN well reflect the response of the soil by rainfall. In conclusion, it is confirmed that the fundamental electrical and communication errors of the WSN system were sufficiently negligible and it is possible to apply a WSN system for landslide monitoring in the field. In addition, the appropriate design method of WSN system for landslide monitoring was proposed.
